Based on the hypothesis that intestinal clostridia play a role in late-onset autism, we have been characterizing clostridia from stools of autistic and control children. We applied the TaqMan real-time PCR procedure to detect and quantitate three Clostridium clusters and one Clostridium species, C. bolteae, in stool specimens. Group-and species-specific primers targeting the 16S rRNA genes were designed, and specificity of the primers was confirmed with DNA from related bacterial strains. In this procedure, a linear relationship exists between the threshold cycle (C T ) fluorescence value and the number of bacterial cells (CFU). The assay showed high sensitivity: as few as 2 cells of members of cluster I, 6 cells of cluster XI, 4 cells of cluster XIVab, and 0.6 cell of C. bolteae could be detected per PCR. Analysis of the real-time PCR data indicated that the cell count differences between autistic and control children for C. bolteae and the following Clostridium groups were statistically significant: mean counts of C. bolteae and clusters I and XI in autistic children were 46-fold (P ‫؍‬ 0.01), 9.0-fold (P ‫؍‬ 0.014), and 3.5-fold (P ‫؍‬ 0.004) greater than those in control children, respectively, but not for cluster XIVab (2.6 ؋ 10 8 CFU/g in autistic children and 4.8 ؋ 10 8 CFU/g in controls; respectively). More subjects need to be studied. The assay is a rapid and reliable method, and it should have great potential for quantitation of other bacteria in the intestinal tract.
Autism is a complex disease with unclear causes. Many autistic subjects exhibit a range of gut disorders, which include constipation, diarrhea, retention of gas, and abdominal pain and discomfort. Abnormal gut microflora may play a role in these problems. Research into the characteristics of the gut flora in autism has been limited. In our initial studies that characterized the fecal bacterial composition by culturing, we noted abnormalities in the fecal bacterial composition of children with autism compared to age-and sex-matched controls. We found higher counts of clostridia overall and more species of clostridia in stools of autistic children than in healthy children (11) . In particular, Clostridium bolteae, a novel species that we described previously (29; called Clostridium clostridioforme in reference 11), caught our attention because it was cultured from 5 of 15 autistic children, but none of 8 controls. However, it is well known that traditional culture-based methods, while very important, result in a significant underestimation of bacteria present in fecal samples (14, 19, 30) .
Molecular techniques introduced in microbial ecology have made it possible to study the composition of intestinal flora in a culture-independent way based on the detection of rRNA genes. Although these methods, such as fluorescent in situ hybridization (12, 13, 19) , denaturing gradient gel electrophoresis, temperature gradient gel electrophoresis (8, 10, 28) , and the 16S rRNA gene clone library method (15, 27, 30) , have been applied successfully for studying the ecology of intestinal flora, PCR analysis using specific primers achieves the most sensitive results as well as providing ease of use and speed (23, 24, 32) . Most recently, real-time quantitative PCR has been used for the specific detection and quantitation of selected bacteria from fecal DNA (1, 2, 4, 9, 16, 18, 21, 22, 25, 33) .
Few studies have reported on using real-time PCR for quantitation of clostridia in different environments. Belanger et al. (2) and Kimura et al. (17) reported on the successful quantitation of Clostridium difficile in feces and Clostridium botulinum type E in fish samples using specific primers and probes targeted to toxin genes, respectively. A very recent study investigated the feasibility of using 16S rRNA gene-targeted specific primers and probes for quantitation of major intestinal bacteria, including certain Clostridum species by real-time PCR (26) . In this study, we evaluated the suitability of a real-time PCR (5Ј nuclease PCR assay) to detect and quantitate C. bolteae and some Clostridium groups (clusters) in fecal specimens of autistic and control children.
MATERIALS AND METHODS
Bacterial strains and fecal specimens. All reference strains used in this study are listed in Table 1 . The strains were obtained from different sources, as indicated in Table 1 : ATCC is the American Type Culture Collection, CCUG is the Culture Collection, University of Göteborg, DSM is the Deutsche Sammlung von Mikroorganismen und Zellkulturen, and WAL is the Wadsworth Anaerobe Laboratory. All the strains were cultivated on brucella agar (Anaerobe Systems, Morgan Hill, Calif.) supplemented with 5% sheep blood and incubated anaerobically at 37°C under N 2 (86%), H 2 (7%) , and CO 2 (7%) gas phase in an anaerobic incubator. The WAL strains are human fecal isolates; they were identified by phenotypic testing and 16S rRNA sequencing (11) .
Fecal specimens were obtained at Rush Children's Hospital, Chicago, Ill., under the jurisdiction of its Institutional Review Board (IRB) and with written informed consent by a parent or guardian. Our IRB approved receipt of these specimens by our laboratory. Stool specimens were packed in dry ice and shipped to our laboratory by overnight air express. The entire fecal specimen was ho-mogenized by use of a sterile stainless steel Waring blender, and aliquots of each specimen were frozen at Ϫ80°C until DNA was extracted.
Extraction of DNA from pure cultures and feces. Genomic DNA from all bacterial strains was purified from cultures with a QIAamp DNA extraction kit, (QIAGEN, Valencia, Calif.), and the concentration was determined by spectrophotometer (A 260 ). Duplicate samples of genomic DNA (20 ng) from each bacterium were amplified for 40 cycles with each of four real-time PCR primer/ probe sets (Table 2) to assess specificity.
One-milliliter aliquots of stool (previously diluted 1:3 in sterile bi-distilled water and thoroughly homogenized under anaerobic conditions in an anaerobic chamber) were centrifuged at 14,000 ϫ g for 3 min to pellet fecal bacterial cells. The supernatant was carefully removed and discarded. Two hundred milligrams of cell pellet was transferred to a fresh tube and subjected to DNA extraction by using a commercial extraction system (QIAamp DNA stool mini kit; QIAGEN) according to the instructions of the manufacturer. Our pilot studies have shown that this QIAamp product produces high-quality DNA free of PCR-inhibiting substances. DNA extraction was performed in duplicate.
Design of oligonucleotide primers and probe. Sequences of the 16S rRNA genes of the organisms of interest and of closely related bacteria were aligned with CLUSTAL-W (http://genome.kribb.re.kr) and inspected for regions of conserved and variable sequences. Based on the multialignment analysis data, four pairs of 16S rRNA gene-targeted cluster-and species-specific primers were designed, one each for Clostridium clusters I, XI, and XIVab (7) and C. bolteae, respectively. They were designed from a collection of 128 Clostridium 16S rRNA sequences obtained from the GenBank database. Potential candidates for PCR primers were compared to the aligned SSU_rRNA database of the Ribosomal Database Project (RDP) using the CHECK_PROBE utility (20) and were compared to all available 16S ribosomal DNA (rDNA) sequences by using the BLAST database search program (www.ncbi.nlm.nih.gov/BLAST) (3). The primers were used in combination with internal nonspecific probes ( Table 2 ). The primers' target regions were located as near as possible to the probe in order to enable an efficient hydrolysis of the probe during primer elongation by the polymerase. The primer and probe sequences were analyzed for T m (melting temperature), secondary structure formation, GϩC content, and primer-dimer formation with NetPrimer analysis software (http://www.premierbiosoft.com /netprimer). The probe was 5Ј labeled with carboxyfluorescein (FAM) as the reporter dye and Black Hole quencher (BHQ) as the 3Ј quencher dye. The BHQ dye was used as the quencher dye because of its broad quenching spectrum and a lower signal/noise ratio than that of other quenching dyes.
SmartCycler real-time PCR assay. The amplification reactions were carried out in a total volume of 25 l, which consisted of 2 l of DNA samples and 23 l of the master mixture. The latter contained 1ϫ puReTaq Ready-To Go PCR bead were determined on the basis of the mean baseline signals during the early cycles of amplification. Standard curve. The standard curve for C. bolteae was constructed by using DNA recovered from fecal samples spiked with different numbers of C. bolteae type strain ATCC BAA-613 (30 to 3.0 ϫ 10 7 CFU ml Ϫ1 ). Briefly, C. bolteae ATCC BAA-613 was collected from thioglycolate broth cultures while in logarithmic growth phase. Ten-fold dilutions were made in dilution blanks (Anaerobe Systems), and the number of CFU of bacteria in each dilution was determined by plating on brucella blood agar plates. All determinations were performed in triplicate. The average titer (CFU per milliliter) of three replicates was determined. One milliliter of each dilution was added to tubes containing 200-mg aliquots of a stool sample that was verified to be C. bolteae negative by both bacteriological and PCR techniques and pelleted by centrifugation. The pellets with different numbers of C. bolteae cells were subjected to DNA extraction by using a QIAamp DNA Stool Mini kit. The DNA was used to establish a standard curve.
To generate standard curves for each of the three Clostridium clusters, the C T values were plotted relative to the corresponding serial 10-fold dilutions of template DNA extracted from cultures of representative clostridial stool isolates of different Clostridium clusters: a mixed culture of C. subterminale WAL 16483, C. perfringens WAL 14572, and C. paraputrificum WAL 14502 for cluster I; a mixed culture of C. bifermentans WAL 16496, C. difficile WAL 14186, and C. glycolicum WAL 14424 for cluster XI; and a mixed culture of C. symbiosum WAL 14673, C. bolteae WAL 16351 and Ruminococcus gnavus WAL 16098 for cluster XIVab. Briefly, 1 ml of the overnight thioglycolate broth cultures of these bacterial strains was subjected to DNA extraction by using the QIAamp DNA stool mini kit. Ten-fold serial dilutions of these bacterial DNAs were prepared. The corresponding CFU per PCR were calculated based on plate counts, as described above.
For comparison of PCR amplification efficiencies and detection sensitivities among different experiments, slopes of the standard curves were calculated by performing a linear regression analysis with the SmartCycler software. A mixture of all PCR reagents without any DNA was used as a negative control. Amplification efficiency (E) was estimated by using the slope of the standard curve and the formula E ϭ (10 Ϫ1slope ) Ϫ1 . A reaction with 100% efficiency will generate a slope of Ϫ3.32. The standard curves were used for determining the detection limits of the assays and enumeration of C. bolteae and members of each of the three Clostridium clusters in stool samples.
Enumeration of Clostridium in stool samples by real-time PCR. Purified DNA from stool samples was used with optimized PCR conditions and an appropriate standard curve to enumerate the load of C. bolteae and members of different Clostridium clusters in the stool samples. Each stool sample was subjected to four PCR runs (2 PCR repetitions ϫ 2 DNA extractions; n ϭ 4). The amount of DNA measured by real-time PCR was converted to cell numbers to allow comparison with the CFU data. This was accomplished by using the standard curve that was generated by plotting the C T against CFU. This approach was used because, for stool samples, it is easier to understand results in actual CFU numbers than in DNA concentrations or copy numbers.
The C T standard deviations were calculated as shown in Table 3 . The CFU of C. bolteae and the members of each cluster were determined from C T values by using the standard curves ( Fig. 1 and 2) .
Statistical analysis. Parametric t tests and multivariate logistic regression and/or classification tree (CART) method (6) was used to compare mean CFU values between autistic and control samples.
RESULTS

Specificity of oligonucleotide primers.
The results of comprehensive cross-specificity checks on the RDP database enabled the final selection of four 16S rDNA-targeted PCR primer pairs theoretically specific for C. bolteae or each of three Clostridium clusters ( Table 2 ). Degenerate PCR primers were used in order to broaden the specificity within each cluster. The primer pair CI-F1 and CI-R2 is specific for cluster I, which includes most species of the Clostridium cluster I and three species of cluster II. Primer pair CXI-F1 and CXI-R2 is specific for cluster XI, which includes part of Clostridium cluster XI. Finally, primer pair CXIV-F1 and CXIV-R2 is specific for cluster XIVab, which includes most species belonging to Clostridium cluster XIVab. The specificity of species-and cluster-specific primers was further confirmed by amplifying genomic DNA from target and phylogenetically related nontarget bacterial strains ( Table 1) with each of the four sets of primers by conventional PCR and real-time PCR. In conventional PCR, the primer pairs were specific for their target species or cluster at the appropriate annealing temperatures and yielded PCR products of the expected size only from their targets. The optimized conventional PCR conditions were applied to real-time PCR. In real-time PCR, no fluorescent signal was detected from non-target bacterial DNA (data not shown). Although our TaqMan probe and reverse primer for C. bolteae also showed 100% homology with 16S rDNA of its most closely related species, C. clostridioforme, the forward primer did not a Probe-I is an internal universal probe that corresponds to a region of the 16S rRNA gene that is conserved in all eubacteria (5) ; it was used with three sets of cluster-specific primers. Probe-II was used with C. bolteae-specific primer set. Clostridium clusters are as described in reference 7.
b The T m of DNA was determined with NetPrimer software (PREMIER Biosoft International). show any major sequence homology (70.5% only); there was no signal detected from DNA from C. clostridioforme strains. Standard curve and detection limits. In real-time PCR assay, the C T at which the fluorescent signal is statistically significant above background is measured. The C T value is proportional to the amount of target DNA and hence the number of bacteria in the samples. The detection sensitivity for C. bolteae was determined by two sets of genomic DNA prepared from 10-fold serial dilutions (30 to 3.0 ϫ 10 7 CFU/ml) of C. bolteae type strain ATCC BAA-613 spiked into a C. bolteaenegative stool sample. The detection sensitivities for three Clostridium clusters were determined by two sets of 10-fold serial dilutions of genomic DNA prepared from representatives of each cluster. Representative data are shown in Fig. 1  and 2 . The results are reported as the C T numbers versus CFU numbers.
As shown in Fig. 1 and 2 , plotting the obtained C T values relative to the CFU of bacteria resulted in a linear correlation with square regression coefficient of Ն0.99, demonstrating that quantification of the target DNA was possible. To evaluate the robustness of the assays, the same experiment, which included an unknown stool sample, was repeated six times on different days with two different sets of DNA. The result for C. bolteae is given in the inset in Fig. 1 . The standard deviation of C T values for the unknown sample based on the six PCR runs (3 PCR repetitions ϫ 2 DNA extractions; n ϭ 6) were 0.08, 0.37, 0.22, and 0.52 (Table 3) ; determined by the C. bolteae and cluster I, XI, and XIVab standard curves, respectively. This showed that both DNA extraction by the QIAamp stool DNA extraction kit and the real-time PCR assay were highly reproducible.
The function describing the relationship between C T values and CFU for the assay has been calculated based on the mean values obtained from the six PCR runs (Fig. 1and 2) . Average slopes of Ϫ3.52, Ϫ3.52, Ϫ3.28, and Ϫ3.14 were generated for C. bolteae and clusters I, XI, and XIVab, respectively. According to the formula log E ϭ slope Ϫ1 , the standard curves generated from the PCR data resulted in a reaction efficiency of above 96.5% for all four PCR assays.
The estimated detection limits for the primer and probe sets specific for C. bolteae and clusters I, XI, and XIVab were 0.6, 2, 6, and 4 bacteria per PCR, respectively. All nontemplate controls and all dilutions with DNA corresponding to less than these numbers of cells per reaction gave negative results.
Enumeration of Clostridium in stool samples by real-time PCR. The bacterial load of C. bolteae and each Clostridium cluster in stools was estimated by real-time PCR with DNA extracted from the 23 samples (Table 3 ). The reproducibility of the assay was high, with the standard deviation of C T values for stool samples ranging from 0.08 to 0.29 for C. bolteae, 0.21 to respectively, but the differences in cluster XIVab between autistic and control children were not statistically significant (P ϭ 0.3). More subjects need to be studied for all groups.
DISCUSSION
Real-time PCR has several advantages over conventional PCR. It focuses on the logarithmic phase of product accumulation rather than on the end product abundance. Therefore, it is more accurate since it is less affected by amplification efficiency or depletion of a reagent. In addition, it has an increased dynamic range for quantification of target sequence (at least 5 orders of magnitude). Furthermore, without any post-PCR manipulation of the samples, cross-contamination between samples is greatly reduced. Finally, PCR results can be obtained within 1 h. In the present study, we developed quantitative real-time TaqMan PCR assays targeting the 16S rRNA for detection and quantitation of C. bolteae and members of three Clostridium clusters (I, XI, and XIVab) in stool samples. The methods were successful in detecting and quantitating Clostridium in pure culture and in stool samples from autistic children and control children. Good detection methods share the following features: specificity, sensitivity, and reproducibility. Real-time PCR appears to possess all these features. In the present study, specificity, a key factor for accurate quantitation of the bacteria of interest, was determined both by homology search in nucleotide databases and by testing bacterial strains with different degrees of relatedness to the target species based on 16S rRNA comparative analysis. Although theoretical cross-specificity analysis of the primers indicated that the cluster XIVab-specific primer pair may cross-react with some nontarget bacteria (only one side primer contained 2-bp mismatches), such as Anaeroplasma bactoclasticum, Anaeroplasma varium, and Mycoplasma feliminutum, these bacteria have never been reported as being isolated from human gut. Since the primers were designed on the basis of currently available 16S rRNA sequences, the specificity is not guaranteed for unknown gut bacteria. It is an advantage, then, that these probes are designed on a phylogenetic basis and that related species are more likely to have the same target sequences.
The reason we used 16S rDNA as a target to design the probe and primers is that the large 16S rDNA database available allows the identification of sequences exclusive to our target species. As we know, the complex microflora of the human gut is difficult to study with probes or primers on a species level due to the diversity of the ecosystem. Therefore, it is more convenient to have probes or primers specific for genera or groups present in the gut. For intertwined genera such as Clostridium, genus-specific probes or primers cannot be designed and primers and/or probes for phylogenetic clusters have to be considered. Analysis of Clostridium 16S rRNA sequences has enabled the phylogeny of the genus Clostridium to be described and major Clostridium clusters to be identified (7) . This in turn has enabled the design and development of cluster-specific 16S rDNA-targeted oligonucleotide probes and PCR primers (12, 13, 23, 31) . The major disadvantage of this approach to design species-specific primers is that the variable regions within the 16S rDNA can be almost identical for closely related bacteria. To overcome this problem, stringent conditions such as the hot-start PCR technique and high annealing temperature, were used to exclude amplification of organisms closely related to C. bolteae. Thus, even though the TaqMan probe and the reverse primer show 100% homology with the corresponding regions of 16S rRNA of C. clostridioforme, no signal was generated when the real-time PCR was performed with this set of oligonucleotides. It is also unlikely that other non-target closely related DNA in stool specimens would be amplified.
The TaqMan assays we developed proved very sensitive and reproducible. The standard curves showed that the estimated detection limit for primer and probe sets specific for C. bolteae and Clostridium clusters I, XI, and XIVab were 0.6, 2, 6, and 4 CFU per PCR, respectively. We found that the reproducibility of the quantitative experiments was over 99%, based on mul-tiple replicate PCR runs. When quantifying targets using realtime PCR, both the variability attributable to DNA yields between extractions and the PCR assay itself need to be considered. Commercially available kits for the isolation of genomic DNA from stool samples are desirable due to the high throughput and elimination of phenol, which requires special disposal protocols and can affect PCR results. In this study, the QIAamp stool DNA extraction kit was used for stool DNA extraction. It proved to be good in providing DNA suitable for the assay. The small standard deviation of mean C T values (Table 3 ) confirmed the reproducibility of the DNA extraction method and was associated with only a small amount of error during the PCR analysis.
A challenge in using the real-time PCR method is to convert measurements of fluorescent signal into target cell densities. The approach used in this study is to directly relate the signal to cell numbers by a plate counting method. It is therefore necessary to exercise some caution in selecting which Clostridium strains are used to establish standard curves. It is known that the final determination of bacterial load by real-time PCR in a multispecies population will be influenced by the variation in the number of rRNA operons in a given species. Unfortunately, information on the number of 16S rRNA genes per genome in Clostridium species is very limited (rRNA Operon Copy Number Database; http://rrndb.cme.msu.edu/rrndb/servlet /controller/controller?page ϭ home), so only presumptions can be made about the size of the different clostridial cluster populations. However, in a complex ecosystem like a stool sample, other methodologies are likely to be far less sensitive or precise. In this study, several Clostridium stool isolates in each cluster (C. butyricum, C. paraputrificum, C. perfringens, C. subterminale, and Clostridium tertium in cluster I; C. bifermentans, C. difficile, and C. glycolicum in cluster XI; and C. symbiosum, C. bolteae, R. gnavus, R. torques, and R. lactaris in cluster XIVab) were tested for constructing a standard curve. The standard curves obtained from the different strains within the same cluster were in good agreement (data not shown). This suggests that the sensitivity of measurement by these assays may not vary greatly depending on the species or strain. We used three Clostridium strains, which were isolated from stool specimens of autistic or control children in another study (11) , for each cluster to construct the standard curves.
Since stool samples contain diverse bacterial communities, the amplification of C. bolteae DNA to construct a standard curve was performed with the background of stool community DNA. We spiked the dilution series of C. bolteae cells into one C. bolteae-negative stool sample to determine the PCR efficiency and reliability under the usual stool community DNA conditions. However, there was no stool sample that was Clostridium negative; therefore, we used DNA extracted from pure cultures of representative strains from each cluster to construct their standard curves.
Our previous study compared culture methodologies with PCR for the detection of C. bolteae from stool samples, with the conclusion that C. bolteae detection by PCR is more sensitive and more reliable than culture (29) . The findings in this study by real-time PCR are in agreement with the previous observations and provide reliable quantitative information. Analysis of the real-time PCR data indicated that the cell count differences between autistic and control children in C. 6464 SONG ET AL. APPL. ENVIRON. MICROBIOL.
bolteae and the Clostridium clusters I and XI were statistically significant; however, we feel that to be confident about it, we need to study large numbers of samples. In summary, we developed a new method based on real-time PCR that allowed for fast, reliable quantitation of C. bolteae and three Clostridium clusters in stool samples. C. bolteae is also a pathogen encountered in clinically significant infections in humans. Therefore, this procedure may also be useful in recovering C. bolteae from clinical specimens with complicated mixed floras. To our knowledge, this study demonstrates for the first time the potential of the real-time PCR technique for quantifying Clostridium clusters in human stool. Investigation of the intestinal microflora is crucial for obtaining an understanding of the role of the gut microflora in health and also an understanding of the role of the microflora in disease (e.g., inflammatory bowel disease-Crohn's disease and ulcerative colitis). The assay is rapid and reliable, and we assume that it has great potential for quantitation of other bacteria in the intestinal tract. A major advantage of this method is that it lends itself to high throughput.
